Abstract-Interactions between cable harness and vehicle body can be calculated using the full-wave method-of-moments (MoM) formulation. Although the full-wave MoM formulation can help us to calculate these interactions with great accuracy, it can be fairly time consuming when dealing with complex wire structures. On the other hand, the conventional multiconductor transmission-line theory can be used to obtain a simple model of the interactions, but only the effect of the transmission-line (TL)-mode current can be accounted for in this method. Starting with the complete electrical field integral equations, the current on a two-conductor thin wire structure due to incident field illumination can be decomposed into TL and antenna modes. Both modes can be solved using a SPICE solver in the form of Telegrapher's equations. A proposed multiple scattering (MS) method based on a hybrid of TL and surface MoM can then be used to calculate interactions between thin wire structures, such as cable harness, and conductive surfaces, such as vehicle body. A test case shows that wire current computation using the proposed MS method takes less time but reaches the same accuracy compared to the full-wave MoM.
I. INTRODUCTION
T HE modeling of cable harness along with vehicle body is important for vehicle electromagnetic interference (EMI) design since vehicle harness can act both as a source of radiation and the victim of undesired coupling. The radiation from antenna-mode current on the cable harness can illuminate the vehicle body and further radiate into outer environment as electromagnetic (EM) pollution. Additionally, external fields coupled to the cable harness via the vehicle body can introduce EMI problems that are prevented through constrains on packaging, harness routing, and shielding requirements to meet strict electromagnetic compatibility (EMC)/EMI requirements. Detecting these issues in the early stages of vehicle design through vehicle-harness cosimulation can reduce design cost and help us to achieve compliance with EMC/EMI requirements without a need for a redesign. Over decades, statistical analysis, full-wave simulation method, as well as several hybrid methods have been developed to model the cable harness.
Full-wave methods like finite-difference time-domain method, finite-element method, and method of moments (MoM) can be used for field computation with high accuracy. However, depending on the complexity of the EM problem at hand high computational cost of using full-wave methods may be deterrent in using these methods for field calculation. Cosimulation of cable harness with vehicle body is a complex EM problem since cables in a vehicle harness are generally routed close to conductive surfaces. Therefore, when using MoM, for instance, to solve fields for cable harnesses inside a vehicle body, the metal surface underneath the cables has to be characterized by finely discretized mesh regions [1] , which introduces a large computational burden. Besides, a cable harness usually consists of hundreds of wires which adds to the complexity of the problem leading to computationally expensive simulations when solving harness with full-wave methods. In general, full-wave methods result in long simulation run time and are also limited by the computation resources available to the user.
A hybrid solution method combining multiconductor transmission-line (MTL) theory with the full-wave method has been proposed in the literature [2] - [5] as a solution to overcome this difficulty. Different versions of this hybrid solution method have been implemented in multiple commercially available EM tools [6] - [8] , where either a radiation or an immunity problem is considered.
When considering a radiation problem in the currently available version of the hybrid MTL and full-wave field solver method, the currents on the cables are first calculated by the MTL analysis. These currents are then considered as impressed sources for the full-wave field solver, and the radiated fields due to vehicle body scattering are calculated in the absence of the cable harness. It should be noted that this method neglects the effects of the scattered fields from the vehicle body on the cables.
When considering an immunity problem in the currently available version of the hybrid MTL and full-wave field solver method, fields in the cables' vicinity are first calculated using a full-wave field solver that ignores the presence of the cables.
Then, these fields are used to produce source terms for a separate MTL analysis of guided fields propagating along the cables [9] , [10] . Similarly, this method fails to consider the interactions between the cable and the vehicle body by neglecting the effects of the scattered fields from the cables on the vehicle body.
To account for the mutual interactions between the cable harness and the vehicle body, an iterative approach is proposed in [11] to account for the multiple reflections between the MTL and MoM regions. The essential idea behind the iterative approach is to treat the mutual interactions as a combination of a radiation and an immunity problem for the cables. The same idea is adopted in our study. However, in [11] , the total current illuminated on the wire structure does not include the antenna-mode current. Another work [12] based on the perturbation theory first calculates the presumably dominant quasistatic current distributions on TLs excited by external fields and then includes the nonstatic effects introduced by the surrounding conductive surface iteratively. However, in [12] , it implies that the surrounding surface structure should be translationally uniform along the cables. Then, the proposed iteration method in [12] may fail where cables are not parallel to the surrounding structures.
In this paper, an iterative approach that can obtain both the antenna-mode [13] and the transmission-line (TL)-mode currents [14] , [15] on the cable harness is presented. In our proposed method, the modeling of the cable harness with the surrounding vehicle body is divided into two parts: the cable and the vehicle body parts. For the cable part, the conventional TL theory is extended to support not only the TLmode but also the antenna-mode currents. Total currents flowing on wire-alike structures consist of the TL-mode and the antenna-mode currents. To calculate the TL-mode current on the cable harness due to an incident field excitation, three different approaches have been proposed in the literature [16] - [18] . These different formulations use quasistatic per unit length (p.u.l) RLGC parameters, and are valid only when TL conditions hold (see Section III-B, [19] ). The approach to obtain the exact solution of the TL-mode current will be discussed in Section III-C. To get the antenna-mode current on the cable harness due to an incident field excitation, the full-wave TL concept was adopted [20] - [25] in this work. By taking advantage of the delta function alike property of the Green's function, the equivalent p.u.l RLGC parameters for both the TL-and antenna-mode currents are derived from thin wire electrical field integral equation (EFIE) formulation, and the exact solutions of both modal currents are obtained recursively in a similar fashion as in [26] . It should be noted that bare wires without dielectric coating are used in the cable part, since the effects of dielectric coating can be negligible in both radiation and immunity problems. The vehicle body part is solved by the MoM formulation with mixedpotential-integral equations (MPIE) [27] , [28] , and a multiple scattering (MS) method is proposed to calculate the mutual interactions between the cable and the vehicle parts. The steps are described as follows. the cable harness currents is smaller than a threshold. Compared to the previously published iteration methods, the proposed MS approach in this paper exhibits a clear physical understanding of field incidence and reflection. Besides, since the extraction of the p.u.l parameters for the cables is independent of the surrounding surface structures, the surrounding structures can be arbitrarily shaped or oriented. Also, the proposed method in this paper can be easily integrated into the existing commercial tools.
This paper is organized as follows. In Section II, the MoM formulation is briefly described. In Section III, the conventional field-to-TL formulations are first reviewed, and then the method to get exact solutions for both the TL-and antenna-mode currents is proposed. In Section IV, the MS approach by a hybrid method of combining the TL and MoM solvers is proposed and illustrated in detail. Conclusions are presented in Section V.
II. METHOD OF MOMENTS
MoM is commonly used for accurate analysis of EMI and radiation problems [27] , [28] . The electric field in the vicinity of a conductor is the summation of the incident field ( E inc ) and the scattered field ( E sct ). The conductor can be equivalently replaced by induced surface current densities J( r ) and surface charge densities σ( r ). The scattered electric field can then be written as
where − → A is the vector magnetic potential, and φ is the scalar electric potential. In the free space
where
The total electric field ( E inc + E sct ) has to satisfy the boundary condition on the wire surface S. For the PEC boundary conditionn By the substitution of the continuity equation
the EFIE is obtained as
The current densities J( r ) are then expanded by the Rao-Wilton-Glisson (RWG) basis for the surface structure, or by the rooftop basis for the thin wire structure. By testing (7) using the Galerkin's method, the unknown coefficients in the current expansions can be solved.
III. MTL WITH INCIDENT FIELD

A. Conventional Theory of the TL-Mode Current Excited by External Fields
In 1965, Taylor et al. developed a total voltage form representation of the response of a terminated two-wire TL excited by a nonuniform EM field [16] . Both the incident E-and Hfields were considered and converted to the equivalent voltage and current sources along the TL. The detailed derivation extended to MTL can be referred to Paul [14] , [15] . Later in 1980, Agrawal et al. developed a scattered voltage form representation [17] which only requires the tangential component of the excitation E-field. Then, in 1993, Rachidi proposed the third scattered current form representation [18] which only requires the tangential component of the excitation H-field. All three models shall give the same results if used correctly [29] . It should be noted that these three models only work for estimating the TL-mode current or terminal response [30] , [31] , since the antenna-mode current equals zero at wire terminals.
In our study, induced current densities on the vehicle body can be easily calculated by MoM. Once they are known, it is straightforward to obtain the scattered electric fields, which further excite the wire structures. Comparing among all the three above-mentioned models, Agrawal's representation is the most convenient one here to excite the wire structures, since only the tangential component of the excitation E-field is required.
In the coordinates defined in Fig. 1 , the modified Telegrapher's equations according to Agrawal's representation 
and its equivalent SPICE circuit [19] is shown in Fig. 2 .
B. Decomposition of TL-and Antenna-Mode Currents on a Two-Wire TL
For a two-wire structure, both the TL-and the antenna-mode currents can be evaluated by taking advantage of Agrawal's model. For the TL-mode current, the distributed scattered voltage sources in Telegrapher's equations are the difference of the tangential E-fields on the two wires; for the antenna-mode current, they are the average of the tangential E-fields [13] .
Consider a two-wire line of length L in the free space, with a separation of d and wire radius a, as shown in Fig. 1 . At any position along the wires
where I a (z) and I tl (z) are the antenna-and TL-mode currents, respectively. For thin wires in MoM, the scattered E-field is
and e z is the unit vector along the z-direction.
In the thin wire approximation, it can be assumed that currents are concentrated in the wire axis for both wires. Therefore, the current continuity equation becomes
By substituting (13) into (11) and (12), and evaluating electric potentials on surfaces of both wires, we can obtain
Referring to the scattered voltage definition in [13] , two equations for the TL-mode current can be similarly obtained
Note that I tl (z ) and
cannot be taken out of the integral by rigorous derivation. If we plot g 1 (z, z ) − g 2 (z, z ) for a specific z value, its shape is similar to a delta function, as shown in Fig. 3 . Using this property, (24) and (25) where
and
The TL-mode p.u.l inductance and capacitance for a twowire line are shown in Fig. 4 . The line parameters are listed as follows: length L = 0.9750 m, separation d = 0.0150 m, and wire radius a = 0.3 mm. Without the loss of generality, the frequency is set to 0.7 and 1 GHz. It should be noted that the retardation term (the imaginary part) is small compared to the real part, and that it could be neglected when calculating the TL-mode current. The analytical equations to calculate the TL-mode p.u.l inductance and capacitance of two round wires are
, for d a. (29) Note that when the integration limits of (27) and (28) range from −∞ to ∞, (27) and (28) are reduced to (29) [26] . Besides, the analytical p.u.l inductance and capacitance are real numbers and independent of frequency.
Similar to (24) and (25), the two equations for the antenna-mode current are 
By the delta function alike property as shown in Fig. 3 , an approximation to the Telegrapher's equations in Agrawal's form for the antenna-mode current is obtained as
The antenna-mode p.u.l inductance and capacitance for a twowire line are shown in Fig. 5 . The line geometries are the same as before, but it should be noted that the imaginary part of L a and C a cannot be neglected in this case.
C. Evaluation of the Exact TL-and Antenna-Mode Currents
Solutions to (26) and (32) give good approximations of the currents on the cables. However, the exact solutions to (24) , (25) , (30) , and (31) are still desired. A recursive process similar to [26] can be used to obtain accurate prediction of the currents on the cables. The detailed formulation is shown below.
Adding jω[
)dz ]I tl (z) to both sides of (24) and with minor manipulation, it comes to
By substituting (27) into (35), we get the first recursive Telegrapher's equation as
dz to both sides of (25) , it comes to
By substituting (28) into (39), we get the second recursive Telegrapher's equation as
Rewrite (36) and (40)
(42) The solutions to (42) are series expansions based on the perturbation theory [26] 
The initial (n = 0) current and scattered voltage are the solutions of (26), written as
The subsequent (n ≥ 1) current and scattered voltage perturbations are then calculated by updating the source terms on the right-hand side of the equations. The source terms are related to the currents obtained in the previous recursion as
(45) Similarly for the antenna-mode current, the exact solution should be obtained by recursively solving
. (49) The initial (n = 0) current and scattered voltage is the solution of (32), written as
The subsequent (n ≥ 1) current and scattered voltage perturbations are then obtained by
(51) Multiple numerical methods [30] can be utilized to solve (44), (45), (50), and (51). Among these methods, a SPICE solver with modified nodal analysis (MNA) is the most straightforward and thus adopted in this study. The cable structure is first divided into many small segments. Then, each segment can be represented by lumped elements in a certain topology [14] . In this study, each small cable segment is characterized by a T-shaped lumped circuit with distributed voltage and current sources as illustrated in Fig. 6 .
D. Dealing With Terminations
For TL terminations, the total voltage and total current should satisfy KVL at z = 0 and z = L. With the current direction definition in Fig. 7(a) , we have where V T (z) is the total voltage defined at position z as
where V S (z)is the scattered voltage defined as
Substitution of (53) into (52) gives the boundary conditions in the scattered voltage form (Agrawal's model) as in (55). The equivalent circuit representation is shown in Fig. 7 (b) 
E. Case Validation
A test case as illustrated in Fig. 8 was used to check the antenna-mode current on a two-wire TL excited by an external plane wave. Detailed geometry information is given in Fig. 8 . The E-field with a magnitude of 1 V/m is along the z-direction; therefore, only the antenna-mode current will be excited.
As shown in Fig. 9 , the initial current is already close to the reference solution which is calculated by MoM. After five recursions, the current converges to the reference value. The results show that even for TL structures with an electrically short cross section, the induced antenna-mode current could be much larger than the TL-mode current (for this special test case, TL-mode current is zero).
IV. MS METHOD BY HYBRID OF THE TL THEORY AND MOM
As explained in Section I, cosimulation of cable harness with vehicle body can be analyzed in two parts: cable part and vehicle part. The cable part is modeled based on the TL theory, while the vehicle part is modeled using MoM. In order to properly model the MS effects between the two parts, both the TL-and the antenna-mode currents on wires illuminated by external fields have to be evaluated properly.
When considering a radiation problem, initial currents on cables due to voltage-/current-source excitations at the cable ends can be obtained by neglecting the vehicle and using either an equivalent circuit based on MNA or the analytical equation. Then, correction to the initial currents is carried out based on the recursive method described in Section III-C. After the Surf are further used to calculate the scattered field E (0) Surf 2W ire back to the cables, which excites both TL-and antenna-mode currents on the cables as discussed in Section III. These induced TL-and antenna-mode currents on the cables again cause the field E (1) W ire2Surf back to the vehicle part, and the field E illuminates the vehicle body to further generate the scattered field E (1) Surf 2W ire back to the cables and so on so forth. The flowchart of the proposed MS method is shown in Fig. 10 , starting with n = 0. Note that the recursive method described in Section III-C is used in both Steps 2 and 6 to ensure the accuracy of the TL-and antenna-mode currents.
The process can be validated using an example shown in Fig. 11 . Detailed geometry information is given. One end of the two wires is connected by a lumped resistor. The other end of the two wires is connected by a lumped voltage source in series with a lumped resistor. The resistor and the voltage source can be assigned with arbitrary values. Without the loss of generality, in this example, the value of the resistors and the voltage source are set to 50 Ω and 1 V, respectively. Note that resistors with 50 Ω are not matched loads. Besides, frequency can generally be set to any value as long as thin wire approximation still holds. In this example, the frequency of the source is set to 1 GHz. The initial currents can be obtained by either an equivalent circuit based on MNA or the analytical equation. A comparison of the initial currents calculated by both methods is shown in Fig. 12 , where I 0 and I 1 represent the current on Wire 1 and Wire 2, respectively. Then, correction will be conducted to obtain the currents I Surf 2W ire is validated by the full-wave MoM as shown in Fig. 13 .
The tangential component of E
Surf 2W ire causes both TL-and antenna-mode currents on the cables. The evaluation of the TLmode current converges fast. The initial approximation by (44) is sufficiently good, and after only one correction by (45), the result converges as shown in Fig. 14(a) .
The evaluation of the antenna-mode current converges slower than the TL-mode current. After six corrections by (51), the result converges as shown in Fig. 14(b) . The different convergence speeds for the TL-and the antenna-mode currents are due to the fact that g 1 − g 2 is closer to a delta function than g 1 + g 2 . The comparison between the induced TL-and antenna-mode currents is shown in Fig. 15 . Note that the antenna-mode current is zero at the two ends, while the TL-mode current is not because of the 50-Ω loads. The current I (1) W ire is the sum of both the TL-and the antenna-mode currents. After three scatterings, the total current on cables is the sum of all currents calculated in each scattering. It should be noted that the antenna-mode current is as significant as the TL-mode current in determining the final current distribution along the wires in this example. This is due to the slot in the ground surface. The whole structure including the cable harness and the vehicle body can also be formulated using MoM. The computed currents by pure MoM can serve as reference results to validate the proposed MS method. According to the IEEE standard for validation of computational EM computer modeling and simulation [32] , a proper validation can be conducted based on the feature selective validation technique [33] , [34] . The total currents on cables obtained by the MS method are compared with the reference results as shown in Fig. 16 . Fig. 16(a)-(d) shows that the real part of the currents converges to the reference solution after three scatterings. Fig. 16 (e) and (f) shows that the imaginary part of the currents already converge to the reference solution even without any scattering.
A comparison of the time consumption between MoM and the MS method is shown in Table I . The proposed MS method takes less than half of the time as MoM does when the number of wire segments is set to 660 in both methods. Though it takes the same amount of time for both methods to solve the vehicle body part, the cable part can be significantly accelerated by the TL analysis, especially when the number of wire segments is large.
V. CONCLUSION
In this paper, cable harness with surrounding vehicle body is modeled separately as two parts: the cable and the vehicle body parts. The cable part is solved using an equivalent SPICE circuit based on the TL theory, and the conventional TL theory is extended to support not only the TL-mode but also the antennamode currents. The exact solutions of both mode currents are obtained recursively. The vehicle body part is handled by the MoM formulation. Then, a MS approach based on the hybrid TL and MoM solver is utilized to account for the mutual interactions between the cable harness and the vehicle body. Current convergence can be achieved after a few scatterings. When large numbers of wire segments are dealt with, the proposed method consumes less time than pure MoM while maintaining similar accuracy.
In order to extend the proposed approach to multiconductor TLs, some concepts should be properly defined first, e.g., antenna-mode current for MTLs.
Potential issues of the proposed method may occur when wire radius is electrically large, or wire radius is comparable to the pitch size of wires or the distance between the wire and the metallic surfaces. In these cases, the thin wire approximation does not hold. However, in realistic applications, wire radius is usually negligible. The proposed method can be generally applied. (M'16) 
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